Experiments have been conducted to consolidate tungsten powder using hot-shock consolidation technique combining with underwater shock wave. An exothermic mixture (TiO 2 -C-Al-Fe 2 O 3 ) was ignited by an electric wire coil to release a large mount of heat via a self-propagating high-temperature synthesis reaction which was used to pre-heat the sample powder. As getting the needed isothermal temperature, the powder was subsequently consolidated by shock wave generated by explosion of nitro methane, with a detonation velocity of 6.3 km/s and a detonation pressure of 11.9 GPa. The density and Vickers micro-hardness of the consolidated sample were determined and its microstructure was analyzed by scanning electron microscope (SEM). High-density tungsten samples were obtained by optimizing the experimental conditions. In this paper, the relative density and hardness of the recovered sample are 96.5% and 670 HV, respectively.
Introduction
Tungsten powder, as well as other refractory metal powder, is hard to be consolidated through traditional powder metallurgy due to its high melting point. Shock consolidation has been studied for fabricating difficult-to-consolidate materials, such as refractory metals and ceramics [1] . When the shock wave propagates the powder bed, a very high pressure is generated in the powders. Localized heating occurs between adjacent particles as they move past on another, therefore, strong intergrain bonding is formed as a result of surface melting of the powders.
However, the most difficult problem in the industrialization of shock consolidation is cracking in the sample due to the rapid densification rate. To eliminate cracks, two ways have been tried: 1) using underwater shock wave; 2) hot-shock consolidation [2] . The using of underwater shock wave has been explored a lot by researchers in Kumamoto University [3] [4] [5] . It is found that the water media can relatively prolong duration of shock pulse and get a uniform pressure distribution [6] . Zohoor et al [2, 7] has applied the underwater shock wave to manufacture a W sample with a density of 96% T.D. and the SEM micrographs of the recovered sample showed few cracks. Hot explosive consolidation means preheating powder before shock loading. The main advantage of preheating the powder is to decrease the yield strength of powder, thereby increasing its ductility, and to achieve greater thermal softening. Kecskes et al [8] [9] [10] fabricated W-Ti alloys near full density utilizing hot-explosive consolidation. It is also claimed that the samples have no cracks. It can be inferred that the application of the two methods may eliminate cracks in consolidated samples. This idea has been experimentally tested in a new system developed by Hokamoto et al. [11] [12] [13] . In this system, a remotely controlled transfer system and an external furnace are needed, A new assembly combining underwater shock wave and hot explosive consolidation is developed at Beijing Institute of Technology [14] , and has been applied to the consolidation of pure W powders and high W content alloys. In the assembly, the sample powders are preheated by a large amount of heat released via a self-propagating high-temperature synthesis (SHS) reaction which is also called as combustion synthesis. The reaction mixture is placed around the sample to form a chemical furnace, so the powder sample can be heated and consolidated in the same fixture.
Experimental Procedure
High-purity (99.9 pct), 2.6-µm tungsten powders ( Fig.1) were used as precursor materials in the experiments. The powders were pressed to 60% theoretical density into compacts with a diameter of 22mm and a thickness of 8 mm, and then sealed into capsules. High-purity charcoal powders, carbon dioxide powders, aluminum powders and ferric oxide powders were used as SHS reaction raw materials. The TiO 2 -C-Al-Fe 2 O 3 powders, blended in a certain mass ratio, were dry-mixed and ball-milled, and then uniaxially pressed into an annulated column. The mixture is a highly exothermic reactive system, when ignited, will generate a high temperature of 2704 K. The reaction equations are written as:
(1)
As shown in Fig.2 , the consolidation fixture using underwater shock wave consists of four main components: an explosive container, a water tank, a powder capsule and a SHS reaction vessel. The explosive container is made of PVC or steel tube, and the explosive unit includes nitro methane, with a detonation velocity of 6.3 km/s and a detonation pressure of 11.9 GPa, a datasheet booster, and a detonator. The water tank is made of mild steel with a thickness of 30mm.The capsule is made of nickel-base superalloy. The SHS reaction vessel is not only used to contain the chemical furnace but also used as the explosive consolidation fixture. ZrO 2 plates are placed at the top and bottom of SHS compact like a sandwich to reduce heat losses and to prevent temperature rise in the explosive. After the reaction vessel was loaded, the water tank and explosive container were affixed onto the vessel one by one and the completed fixture was placed in a sand tank. First of all, the SHS mixture was ignited by the heat released from an electric wire coil while a strong current getting through it.
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Simultaneously, the main SHS mixture compact began to react and the generated heat diffused into the powder. The outside of the W powder bed heated up rapidly while its interior lagged behind. As the periphery began to cool and the interior continued to heat up, the powder bed reached an isothermal status. At this moment, the explosive was initiated, and the generated shock wave propagated through the water tank. The W powders were compressed by the underwater shock wave. After explosion, when cooling to room temperature, the capsule was extracted and the compacted sample was machined out for further testing. Temperature measurements were carried out to determine the best initiation time and to measure the rate of heating and temperature distribution during the preheating phase. The density of the recovered W sample was measured with Archimedes principle. The recovered samples were cut in half with a linear cutting machine. The cross section of samples were mounted and polished for scanning electron microscopy (SEM) and micro-hardness measurement. The fracture surfaces of W sample were examined with SEM for qualitative evaluation of the degree of intergranular bonding. Micro-hardness measurements were performed using a Micro Vickers Hardness Tester with a 100 g load. Fig.2 Schematic illustration of consolidation fixture using underwater shock wave and SHS preheating method 1-detonator; 2-explosive container; 3-explosive; 4-water tank; 5-water; 6-heat insulating plate; 7-tungsten powder; 8-thermocouples; 9-SHS compact; 10-SHS reaction vessel
Results and discussion

A. Pre-heating Temperature Measurements
In order to get the needed temperature in the powders, the preheating temperature measurements were conducted, which are essential for the successful consolidation of W samples. These measurements were carried out before the explosive consolidation process. Two thermocouples were inserted into the middle of the tungsten powder sample, one was at the center while the other one 8 mm away from it. The embedded position is shown in Fig.2 . The peak temperature attained within the sample at isothermal status can be controllable as needed by changing the mass of the SHS mixture. Fig.3 shows the results of temperature measurements with different SHS masses. The result of the measurement shown in Fig.4 was carried out with a mass value of 330g. Approximately 180s after the current being switched on, the powder bed reached an isothermal status with a high temperature of 1300 . So 180s was identified as the best time for the initiation of explosive. The temperature history of the explosive was also measured to ensure the explosive wouldn't explode accidentally. The result showed that the peak temperature was less than 50 before 180s. So, the system was safe during the preheating phase.
B Hot-explosive Consolidation Experimental Results Two samples were consolidated with different preheating temperature. Variation in density and hardness of two samples is illustrated in Table 1 . The recovered samples are ~25mm in diameter with different thickness. Fig.5 shows the side view of the sample 2. The macro-crack shown in Fig.5 occurred during machining because of residual stress releasing. As shown in Fig.6b , the sample 2 was well consolidated; and few cracks were observed. Its density reaches ~96.5% T.D. In contrast to sample 2, sample 1 has a lower density due to intense cracks, as shown in Fig.6a . And its density is only 93% T.D. Fracture surfaces were examined for a qualitative evaluation of the degree of intergranular bonding. A fractograph of the sample 2 is shown in Fig.6a ; the transgranular failure surface indicates that the bonding of powder is quite well. However, in the case of the sample 1, the main failure mode is intergranular failure, which indicates a weaker particle bonding. The enhanced particle bonding is thought to be a result of the increase of surface melting due to the temperature increase.
As Zohoor [2, 7] reported for the shock consolidated pure tungsten powders with underwater shock wave, the sample showed a high density of 18.5g/cm 3 and a high hardness value equal to 570HV. The sample 2 fabricated by underwater hot-shock consolidation process showed a density of 18.6 g/cm 3 and a hardness of 670 HV. Same density but higher hardness may be due to the preheating of SHS which was not used in Zohoor's. The preheating process can cause the thermal softening of powders and increase the surface melting of particles.
Conclusions
A new assembly combining underwater shock wave and hot explosive consolidation is developed, and has been applied to the consolidation of pure W powders.
The sample powder was surrounded by an exothermic mixture (TiO 2 -C-Al-Fe 2 O 3 ). The mixture was ignited to preheat the powder to a high temperature. The preheating temperature is controllable as needed by changing the mass of the SHS mixture and the highest preheating temperature in the W powder is over 1300 . As getting the needed isothermal temperature, the powder was subsequently consolidated by shock wave generated by explosion. A sample with few cracks, hardness of 670HV and density of 18.6 g/cm 3 was fabricated. It can be concluded that the combination of underwater shock wave and hot-explosive consolidation can actually reduce cracking in samples. It is inferred that the sample with higher density can be made through adjusting following parameters: preheating temperature, C/M ratio (mass ratio of explosive to powder) and height of water column. 
